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Transferrin (Tf) is an essential serum protein which delivers iron throughout the body via transferrin-receptor
(TfR)-mediated uptake and iron release in early endosomes. Currently, there is no robust method to assay the
population of iron-bound Tf in intact cells and tissues. Raman hyperspectral imaging detected spectral peaks that
correlated with iron-bound Tf in intact cells and tumor xenografts sections (~1270-1300 cm™1). Iron-bound
(holo) and iron-free (apo) human Tf forms were endocytosed by MDAMB231 and T47D human breast cancer
cells. The Raman iron-bound Tf peak was identified in cells treated with holo-Tf, but not in cells incubated with
apo-Tf. A reduction in the Raman peak intensity between 5 and 30 min of Tf internalization was observed in
T47D, but not in MDAMB231, suggesting that T47D can release iron from Tf more efficiently than MDAMB231.
MDAMB231 may display a disrupted iron homeostasis due to iron release delays caused by alterations in the pH
or ionic milieu of the early endosomes. In summary, we have demonstrated that Raman hyperspectral imaging
can be used to identify iron-bound Tf in cell cultures and tumor xenografts and detect iron release behavior of Tf

Breast cancer
Raman hyperspectral imaging

in breast cancer cells.

1. Introduction

Imbalances in iron transport resulting in dysregulation of cellular
iron homeostasis are a common feature of acquired and inherited human
pathologies, including neurodegenerative diseases, anemias and cancer
[1-7]. Increased expression of proteins that support iron import and
transport, like the transferrin receptor (TfR), has been associated with
rapidly proliferating cancer cells [2,4]. What remains unclear is the
regulation of transferrin (Tf)-mediated iron delivery inside the cell, and
how this process could be altered during cancer progression. Further-
more, the ability to directly measure unlabeled iron-bound transport
proteins while simultaneously determining their sub-cellular localiza-
tion in intact cells and tissues remains a significant technical challenge.

Serum Tf is a key regulator of systemic and cellular iron transport, by
binding to ferric iron (Fe>") for delivery throughout the body [8].
Iron-bound Tf binds the homodimeric TfR at the cell surface and sub-
sequently iron-bound Tf-TfR complexes undergo clathrin-mediated
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endocytosis and delivery into early endosomes, where iron release oc-
curs [8]. The structure-function of Tf-TfR complexes during iron binding
and release has been thoroughly characterized using biochemical ap-
proaches, showing that both an acidic pH and specific salt concentra-
tions are essential for the iron release from Tf-TfR complexes [8,9].
Iron-depleted Tf-TfR complexes are recycled back to the plasma mem-
brane, where Tf dissociates from TfR into the extracellular space. Then,
Tf can re-bind Fe>* and undergo another transport cycle, a crucial step
for maintaining systemic iron homeostasis [8]. Dysregulation of endo-
somal acidification or trafficking can disrupt the normal Tf cycle and
therefore also iron homeostasis [10,11].

Early endocytic pathways are dysregulated in cancer cells, resulting
in altered endosomal morphology, receptor signaling, recycling and
degradation [12-14]. Dysregulation of endocytic acidification and salt
concentration levels in cancer is associated with aggressiveness and drug
resistance [15-22]. However, it is uncertain how altered endosomal
trafficking impacts iron-release from Tf-TfR in cancer cells. Therefore, it
is critical to develop a quantitative screening tool to measure and
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Abbreviations

Apo-Tf Transferrin protein without bound iron, has ability to
bind available iron at neutral pH

AF Alexa Fluor organic dyes

EDTA Ethylenediaminetetraacetic acid (common biological
chelator)

Hepes  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(common biological buffer)
Holo-Tf Transferrin protein with iron in both lobes, can release
iron in acidic environment

MES 2-(N-morpholino) ethanesulfonic acid (common
biological buffer)

NTA Nitrilotriacetic acid (maintains ferric iron in
suspension)

Oxa-Tf Oxalate-transferrin, a chemical mutant modified to

inhibit iron release
PFA Paraformaldehyde

PBS Phosphate buffered saline
ROI Region of interest

Tf Transferrin

TfR Transferrin receptor

visualize iron binding and release from Tf-TfR during endocytic and
recycling pathway in cancer cells and tissues. Here, we use label-free
techniques, such as Raman hyperspectral imaging, to measure and
visualize the subcellular distribution of iron-bound proteins, which al-
lows the correlation of their localization with morphological features of
intact cells [23].

Raman microscopy is a vibrational spectroscopy technique capable
of providing both qualitative and quantitative information about mo-
lecular signatures in cells and tissues. One of Raman’s main advantages
is that it is a noninvasive technique, which does not require chemical
labels, and therefore is well-suited for biological imaging of intact cells.
By combining Raman spectroscopic measurements with confocal mi-
croscopy, chemical maps of biological samples can be created, showing
the localization and spatial distribution of a specific chemical in unla-
beled samples [24,25]. Raman imaging techniques have been employed
to provide biochemical information about proteins in unlabeled cells,
tissues, and tissue engineered constructs [26-33]. In oncology, Raman
spectroscopy has mainly been used to characterize and classify breast
cancer cells, as well as tumor tissues [34]. These studies have provided
comprehensive Raman spectral databases to discriminate breast cancer
from non-cancerous tissues and evaluate tumor margins during breast
cancer lumpectomy using distinct molecular signatures [35-37]. How-
ever, the usage of Raman imaging in visualization and quantification of
certain protein structural properties that are associated with specific
cellular processes in cancer cells and tissues is still lacking.

Here, the presence of an iron-bound Tf Raman peak in intact human
breast cancer cells was validated by performing Raman hyperspectral
imaging on iron-depleted human Tf (apo-Tf) and different iron-bound
forms of Tf, including human native holo-Tf and “iron-locked”
oxalate-Tf (oxa-Tf), which is a chemical Tf mutant that cannot efficiently
release iron in acidic environment [38]. We have used Raman hyper-
spectral imaging to measure Tf iron-binding in estrogen
receptor-positive T47D cells and triple-negative MDAMB231 human
breast cancer cells [39,40]. Importantly, we have shown that iron-bound
Tf displays different intracellular distribution and iron release behavior
in these two distinct human breast cancer cell lines as measured by
Raman imaging. Furthermore, we identified the iron-bound Tf peak in
T47D and MDAMB231 tumor xenograft tissue sections. These finding
have significant implications as iron transport disruption is associated
with cancer metabolic heterogeneity [1-4,7,41]. In summary, these
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results suggest that the difference in endocytic iron release may be a
critical component of the iron transport disruption in breast cancer.

2. Results

Breast cancer cells show different TfR expression, subcellular dis-
tribution and Tf uptake levels. MDAMB231 and T47D are human breast
cancer model cell lines for estrogen receptor positive and triple negative
breast cancer, respectively [39,40]. These cell lines were evaluated for
their TfR expression and intracellular distribution, as well as Tf uptake
(Fig. 1). TfR expression is regulated post-transcriptionally by the iron
regulatory protein IRP1/2 based on the intracellular iron concentration
[42]. Therefore, major increases in TfR expression are indicative of
disrupted iron homeostasis [7]. Qualitative immunoblot analysis
showed that TfR protein expression is markedly higher in T47D than in
MDAMB231 cells (Fig. 1A). Nevertheless, MDAMB231 cells still dis-
played increased levels of TfR expression when compared to
non-cancerous HMEC and HUVEC cells.

The subcellular distribution of Tf-TfR complexes is important for
understanding the regulation of the endocytic trafficking pathway
within cells. Changes in the size and localization of endosomes can
indicate alterations in receptor regulation or endosomal acidification
[11,14]. TfR endocytosis and recycling are constitutive processes, which
occur continuously in the presence or absence of Tf [43]. However, Tf
binding to TfR has been shown to influence endosomal trafficking rates,
as well as cellular signaling [44-46]. The Tf internalization to recycling
cycle varies with cell type, with the bulk of Tf recycled after 10-30 min.
Interestingly, different intracellular distributions of TfR were detected in
T47D and MDAMB231 cells. In MDAMB231 cells, TfR staining was
localized mainly in enlarged peri-nuclear vesicular structures (Fig. 1B —
top left). In contrast, T47D displayed TfR staining in small punctate
structures distributed uniformly across the cell (Fig. 1B — top right).
Models conveying the patterns of cell type specific TfR distribution are
shown in Fig. 1B — bottom; these observations correlate with the orga-
nization of early endosome compartment in T47D and MDAMB231 cells
[14]. Cells were incubated with fluorescently labeled Tf for 1 h and the
cellular-associated fluorescence intensity was determined using a plate
reader (Fig. 1C). Conjugation of Tf to small fluorescent dyes has been
widely used to study the endocytic trafficking pathway since Tf-small
dye conjugates do not significantly alter the trafficking routes of Tf
[11,14,43]. Data showed that the amount of intracellular Tf is signifi-
cantly higher in T47D compared to that in MDAMB231 cells following 1
h continuous incubation of AF555-Tf (Fig. 1C, Supplementary Table 1).
Representative confocal images of T47D and MDAMB231 cells that were
incubated with AF555-Tf for 1 h are shown in Fig. 1D. The altered
intracellular distribution of Tf (Fig. 1D) is reflective of the altered TfR
distributions (Fig. 1B).

Iron depleted apo-Tf and two iron-binding forms of human Tf (holo-
Tf and oxa-Tf) were prepared as described in Material and Methods. To
validate the preparation of chemically modified oxa-Tf and its ability to
delay iron-release in an acidic environment, a spectroscopic assay was
developed to measure the absorbance of Tf solutions at 470 nm over
time in the presence of acidic buffer with an EDTA chelator. This assay
does not directly mimic the dynamic endocytic environment, but pro-
vides a method to validate the preparation of oxa-Tf and its ability to
inhibit iron release. Oxa-Tf absorbance at 470 nm is reported to decrease
as iron is released from Tf in biochemistry in vitro assays [47]. As shown
in Fig. 1E, absorbance values at 470 nm decreased significantly over
time in holo-Tf in comparison to oxa-Tf (Supplementary Table 2). These
results suggest that oxa-Tf releases iron at a much slower rate than
holo-Tf in acidic environments.

To test these three forms of human Tf in a functional cell uptake
assay, T47D and MDAMB231 cells were incubated with fluorescently
labeled apo-Tf, holo-Tf, or oxa-Tf for various periods of time at 37 °C.
Apo-Tf was taken up by cells significantly less than holo-Tf, as TfR has
higher affinity for the latter [48]. These results showed that over time
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Fig. 1. TfR expression and cellular distribution
and uptake of iron-binding forms of Tf in T47D
vs. MDAMB231 breast cancer cells. (A) TfR
expression in whole cell lysates from an endothelial
cell line (HUVEC), breast cancer cell lines (T47D,
SKBR3, MDAMB231, BT549 and human mammary
epithelial cells (HMEC). (B) Fast Airy scan confocal
images of cells immunostained for TfR (white) with
DAPI staining of nucleus (blue); image contrast was

\§ adjusted to facilitate comparison of protein distri-
butions between cell lines. Scale bar = 10 ym. Below
C i each image is a model of TfR intracellular distribu-
o 12 tion for each cell line. (C) Cellular associated AF488-
% z 10 T Tf measured with plate reader in MDAMB231 and
b :,’ 8 T47D cells following 60 min continuous incubation.
o 2 5 Data is presented as a mean with 95% confidence
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@ g 4 representative experiment). (D) Representative
';<‘- &) 2 I__I confocal images of T47D and MDAMB231 cells
= 0 following 1 h incubation with AF555-Tf (50 pg/ml).
MDAMB231 T47D Scale bar = 30 pm. (E) Absorbance measurements at
470 nm over-time following incubation of purified
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both holo-Tf and oxa-Tf accumulated in T47D and MDAMB231 cells at
similarly higher levels when compared to apo-Tf (Fig. 1F, Supplemen-
tary Table 3). In summary, these results indicate a significant difference
in TfR expression and intracellular distribution, as well as in Tf uptake
levels in human breast cancer cell lines. However, these results do not
address the iron-bound nature of the Tf within the cells, due to the
limitations of current biological assays. Label-free methods, such as
Raman hyperspectral imaging, should provide further molecular infor-
mation on the population of iron-bound Tf during its endocytic traf-
ficking in breast cancer cells.

Raman spectrum peak at ~1300 cm ™! identifies the iron-bound
state of Tf in intact cells. Firstly, we have confirmed the previously
reported iron-bound Tf Raman peaks using laser excitation at 532 nm.
Purified unlabeled Tf protein samples were prepared as described in
Material and Methods, normalized to 2.5 mg/mL in phosphate buffered
saline and their Raman spectra were acquired using 532 nm laser exci-
tation (Fig. 2A). Raman data reveals three Raman peaks in holo-Tf,
which were previously reported to be associated with iron-bound Tf
molecular signature [49]: 1700 cm’l, 1266-1277 cm~ ! and 1500 cm ™!
Oxa-Tf has similar peaks to holo-Tf, particularly observable at the

10 min

30 min

1266-77 cm ! and 1500 cm ™! range; subtle differences are probably due
to the specific chemical modification of oxa-Tf [47]. Importantly, the
apo-Tf did not share the iron-bound Tf peaks with holo-Tf and oxa-Tf
(Fig. 2A). Excitation at 785 nm was similarly evaluated, but it was
found to be less sensitive and specific for the detection of iron-bound Tf
Raman peaks (Supplementary Fig. 1), particularly at Tf concentrations
that are present in cells.

Secondly, the objective was to validate these iron-bound Tf Raman
peaks, previously detected in vitro in purified Tf proteins (Fig. 2A), in the
complex Raman spectra collected from intact, unlabeled cancer cells.
The following criteria was established for the selection of the iron-bound
Tf peak in cells: (i) the peak should be similar in Tf-loaded cells to that in
purified Tf proteins; (ii) the peak should be higher in holo-Tf and oxa-Tf
loaded cells then in apo-Tf loaded cells. T47D cells were incubated for 5
min with human purified, unlabeled apo-Tf, holo-Tf or oxa-Tf (50 pg/
ml) and then subjected to Raman hyperspectral imaging. Both holo-Tf
and oxa-Tf showed a stronger peak indicating an iron-bound signature
at 1300 cm ™! upon 5 min uptake into T47D cells (Fig. 2B). Here, the
iron-bound Tf peak at 1300 cm™! is related to the peaks detected at
1266-1277 cm™! in the purified proteins (Fig. 2A), but is slightly shifted
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Fig. 2. Raman Peak at ~1300 cm ! identifies the
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likely due to the different cellular environment and/or Tf binding to TfR
at plasma membrane. Interestingly, in cells incubated with Tf for 60 min,
only oxa-Tf has a significant peak at 1300 cm ! (Fig. 2C), probably due
the increased rate of recycling and iron-release of holo-Tf. This data
indicated that 1300 cm™! was a strong candidate for an iron-bound Tf
peak in intact cells. Specific Raman spectra peaks detected in cells
incubated with holo-Tf or oxa-Tf provide an indirect measurement of
iron release, since a significant decrease in the iron-bound Tf Raman
peak was predominantly detected only in cells incubated with holo-Tf.
In contrast, cells incubated with oxa-Tf displayed strong iron-bound Tf
Raman peak due to oxa-Tf's inhibited iron-release in acidic
environment.

Visualization of peak intensities and quantification of the ~1300
em ™! peak was used to monitor levels of iron-bound Tf using Raman
hyperspectral imaging in intact human breast cancer cells. To account
for possible contamination of the 1300 cm™! Raman peak with multiple
cellular components, such as saturated fatty acids and others [50,51],
untreated cells were subjected to Raman microscopy under similar
conditions. Raman spectra collected from these untreated cells (negative
control cells) were subjected to analysis for calculation of mean intensity
at 1300 cm™!. A minimum of 300 Raman spectra were normally

collected from untreated cells and upon data normalization to the
phenylalanine peak, the mean intensity at 1300 cm™! was then calcu-
lated and subtracted from 1300 cm ™! peak intensities acquired from
cells incubated with apo-Tf, holo-Tf or oxa-Tf. This step ensures that the
complex chemical composition of the cells is not contributing to quan-
tification of ~1300 em ™! iron-bound Tf peak. Fig. 3A shows typical
images of scanning location and intensity per pixel for apo-Tf (panels a &
d), holo-Tf (panels b & e) and oxa-Tf (panels ¢ & f) (50 pg/ml) inter-
nalized into T47D breast cancer cells for 5 min. Based on qualitative
evaluation of pixel intensity levels, both the intensity and density of
pixels increased mainly in the iron-bound Tf forms (holo-Tf and oxa-Tf).
ROIs indicated in Fig. 3A, panels a—c, are magnified in panels d-f, with
Raman intensity levels shown in red pseudo-color range. Further
quantification included the analysis of pixel density (Fig. 3B, percent of
pixels with iron-bound Tf) and pixel intensity levels of iron-bound Tf
peak (ROI summed and mean determined, Fig. 3C, Supplementary
Table 4). The percent of pixels with iron-bound Tf provides insight into
the Tf density in the ROIs and was statistically significantly higher in
holo-Tf and oxa-Tf in comparison to apo-Tf (Fig. 3B). The average pixel
intensity is lowest in apo-Tf and highest in oxa-Tf, while showing a
significant difference between all three Tf species (Fig. 3C). Due to its
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lack of iron, apo-Tf is not expected to have a significant peak intensity
associated with iron-bound Tf. However, apo-Tf’s ability to bind iron
that may be available in the extracellular media can explain the presence
of the low intensity iron-bound Raman peak upon internalization into
cells (Fig. 3A and C). These results indicate that quantification of the
~1300 cm ™! peak intensity per pixel provides information on the nature
of the iron binding capacity of Tf upon internalization into cells. Thus,
Raman spectroscopy can accurately and robustly report on iron-bound
Tf in intact breast cancer cells.

Iron release kinetics of Tf measured by Raman hyperspectral im-
aging. The iron release behavior of Tf-TfR complexes in breast cancer
cells that display diverse endocytic morphology and trafficking is not
well understood. Although previous studies have indicated a disrupted
early endosome function in cancer cells [12-14], the iron release ki-
netics of Tf-TfR complexed in T47D and MDAMB231 have not been
determined. Both T47D (Fig. 4A) and MDAMB231 (Fig. 4B) cells were
subjected to a holo-Tf pulse-chase cell-based assay followed by Raman
hyperspectral imaging. The iron-bound state of Tf was assessed after the
initial 5 min pulse into cells (early endosome stage; panels a & ¢) and
then after a 25 min chase period (30 min incubation total; recycling
endosome step; panels b & d), when the bulk of Tf is expected to have
its iron released into the endosomal lumen and recycled back to the
surface as apo-Tf. Importantly, for each cell line, the average intensity of
the 1300 cm ™! peak in negative control untreated cells was subtracted
from all analyzed spectra to account for any cell line specific differences
in composition or lipid associated peaks. Interestingly, the density and
distribution of the iron-bound Tf pixels in Fig. 4A and B reflect the
commonly observed TfR and Tf intracellular staining patterns (Fig. 1B
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Fig. 3. Hyperspectral Raman quantitative anal-
ysis of iron-bound Tf peak in T47D cells. T47D
cells incubated with apo-Tf, holo-Tf, and oxa-Tf (50
pg/mL) for 5 min were fixed and subjected to Raman
hyperspectral imaging. (A) Representative images of
T47D cells with ROI overlay displaying intensity of
iron-bound Tf peak (1300 cm ™) for apo-Tf (a), holo-

> Tf (b) and oxa-Tf (c). Additionally, the ROI is
enlarged below for apo-Tf (c), holo-Tf (d) and oxa-Tf
(e). There was no saturation of peak intensities; the
range is modified for visualization. Scale bar = 10
pm. (B) Percentage of pixels per ROI with iron-

bound Tf following background subtraction (C) the
average pixel intensity (at 1300 cm ™) summed per
ROI following background subtraction. Representa-
tive experiment, n = 10 ROI per condition and cell
line, error bars = 95% confidence interval, * in-
dicates significance with p > 0.05. Statistical sum-
mary in Supplementary Table 4.

apo-Tf holo-Tf oxa-Tf

and D). In particular, the perinuclear accumulation of iron-bound Tf is
also clearly detected in MDAMB231 cells using Raman imaging (Fig. 4B,
panel b). The quantification of the fraction of iron-bound Tf pixels
showed similar density and distribution of iron-bound Tf pixels in both
T47D and MDAMB231 upon 5 min Tf uptake (Fig. 4C, Supplementary
Table 5). In contrast, after 30 min, the density of iron-bound Tf pixels is
reduced in T47D in comparison to MDAMB231. No significant decrease
was detected between 5 min and 30 min in MDAMB231 (Fig. 4C). As
shown in Fig. 4D, there is a noticeable decrease in the intensity of
iron-bound Tf pixels from 5 min to 30 min in T47D, but not in
MDAMB231 cells. These results suggest that the population of
iron-bound Tf at 30 min is larger in MDAMB231 cells, probably due to a
delay in iron release (Fig. 4D, Supplementary Table 6).

In this study, the kinetics of Tf-TfR iron release in Tf pulse-chase
experiments were provided by Raman hyperspectral measurements
and visualization analysis. Changes in the fraction of iron-bound pixels
indicate shifts in cellular distribution, whereas a reduction in intensity of
iron-bound pixels suggests a loss of the iron-bound Tf population due to
iron release into the endosomal lumen. A significant difference between
T47D and MDAMB231 cells is detected upon 30 min Tf chase, with
MDAMB231 maintaining a higher fraction and an increased intensity of
iron-bound Tf pixels (Fig. 4D), suggesting significant differences in the
regulation of iron release and trafficking of Tf-TfR complexes between
these two breast cancer cell lines. Iron release rate was calculated by
subtracting pixel intensity at 30 min from that at 5 min and then
dividing it by 25 min. As shown in Supplementary Table 6, T47D had a
3.4x faster rate of iron release than MDAMB231. In summary,
MDAMB231 cells do not display a decreased intensity of pixels



T.C. Khoo et al.

A 5 min

T47D

MDAMB231

60 1 600 -
40 - 400 A

20 - 200 A

Pixel Intensities
(summed, a.u.)

Redox Biology 36 (2020) 101617

Fig. 4. Iron-release kinetics of Tf in T47D and
MDAMB231 breast cancer cells. T47D and
MDAMB231 cells following 5 min pulse-chase of
Holo-Tf (50 pg/ml, 5 min internalization and fixa-
tion or 25 min media chase). Representative images
are shown for T47D (A) and MDAMB231 (B) at 5 min
(a) and 30 min (b) time points with an ROI overlay
with intensity of iron-bound Tf peak (1300 cm™ ).
Additionally, the enlarged ROI is expanded below for
each time (c and d, respectively). There was no
saturation of peak intensities, the range is modified
for visualization. Scale bar = 10 pm. (C) percentage
of pixels with iron-bound Tf following subtraction of
noise threshold (D) the pixel intensity (1300 cm ™)
summed per ROI following subtraction of noise
threshold. Representative experiment, n = 12 ROI
per condition and cell line, error bars = 95% confi-
dence interval, * indicates significance with p >
0.05. Statistical summary in
Tables 5-6.

Supplementary

5 min |30 min

MDAMB231

5 min |30 min

T47D

% Pixels with iron-bound Tf

associated with iron-bound Tf during the Tf-TfR endocytic pathway,
suggesting that MDAMB231 may have a delay in iron release, leading to
an increase in intracellular iron-bound Tf that may compensate for
MDAMB231’s reduced TfR expression and Tf uptake levels.
Iron-bound Tf peak measurements in breast cancer tumor xeno-
grafts. Three main reasons led us to investigate whether the iron-bound
Tf peak was identifiable in tumor xenografts: (i) cell culture does not
reflect complex tumor environments; (ii) TfR is overexpressed in cancer
tissues, and Tf is a commonly used anti-cancer drug carrier; (iii) the
release of iron from Tf is not well understood in tumor models. To
determine whether the iron-bound Tf peak could be identified in tumor
tissue, T47D and MDAMB231 tumor xenografts were extracted after 6h
post intravenous injection of human holo-Tf and flash frozen. Raman
spectra were collected from fixed T47D and MDAMD231 tumor sections
at several locations randomly throughout the samples. A representative
spectrum from T47D and MDAMB231 (Fig. 5A) showed that the 1300
em ™! iron-bound Tf peak is distinguishable in both types of tumors. The
quantification of the iron-bound Tf peak (Fig. 5B) did not show signif-
icant difference between MDAMB231 and T47D. Interestingly, the

5mkaMn
T47D

5mmPOMn
MDAMB231

MDAMB231 cells have a wider range of peak intensity values compared
to T47D (Fig. 5B), suggesting higher heterogeneity of iron-bound Tf
distribution in MDAMB231 tumor sections. Immunofluorescence stain-
ing is in good agreement with Raman data, as it shows very similar
density of accumulated human Tf and TfR in both types of tumors
(Fig. 5C). This data indicates that following 6 h tail vein injection, there
are identifiable iron-bound Tf peaks in both T47D and MDAMB231
human tumor xenografts displaying similar average intensities. Impor-
tantly, the 1300 cm ™! iron-bound Tf peak can be detected in both cancer
cells and tumor xenografts. However, tumor environment may have
significant influence on the intensity level of the 1300 cm™! iron-bound
Tf peak, suggesting a complex regulation of the concentration of iron-
bound Tf in tumors.

3. Discussion
Recently, Raman based approaches have been used to identify spe-

cific molecular signatures associated with protein phosphorylation and
tyrosine kinase inhibitors in cancer cells and tissues [52,53]. Moreover,
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Raman imaging has also been used to detect lipid and glycosylation
composition in breast cancer [54-57]. Here, we have used advanced
Raman hyperspectral imaging to visualize and quantify the uptake and
transport of unlabeled Tf with different iron-binding properties in breast
cancer cells and tissues.

Standard biochemical approaches to monitoring the Tf-TfR iron
release process inside acidified endosomes in cells include the mea-
surement of total amount of iron in a cell or organelle using radioactive
labeling or fluorescent iron sensors [58-60]. However, these techniques
do not allow for the direct visualization and quantification of iron-bound
Tf, and therefore do not provide information on Tf’s ability to bind or
release iron during its endocytic internalization and recycling. Here we
have shown that Raman spectroscopy can provide a robust and specific
method to quantify the levels of Tf-bound iron as well as to visualize the
intracellular distribution of iron-bound Tf in intact, unlabeled breast
cancer cells and tumor tissue sections.

While other iron measurement techniques may require labeling or

destruction of the sample [61-63], Raman hyperspectral imaging allows
the determination of Tf iron release kinetics in intact biological samples.
The availability of apo-Tf, holo-Tf and oxa-Tf, validated for their ability
to bind and release iron, permitted the identification of a specific
iron-bound Tf spectral peak by Raman hyperspectral imaging in purified
protein and intact cells. Most importantly, in intact cells, holo-Tf and
oxa-Tf Raman peak intensity at ~1300 cm ™!, was significantly higher
than that of apo-Tf, suggesting that it indicates iron-bound Tf specif-
ically. The small amount of signal from apo-Tf is likely due to its ability
to bind excess iron in cell media. Moreover, after 60 min internalization
into cells, only oxa-Tf displayed higher levels of Raman peak intensity at
~1300 cm ™}, which provided a robust positive control for the Raman
method since oxa-Tf, but not holo-Tf, should remain iron-bound even in
acidic endosomal environments. We were also able to detect the
iron-bound Tf peak in tumor tissues, indicating the utility of this method
for future studies in complex tumor environments.

Using Raman hyperspectral imaging, we have mapped the
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distribution of iron-bound Tf, and evaluated the number and intensity of
hyperspectral pixels that contain Tf-bound iron (indicative of the
cellular distribution and amount of iron-bound Tf, respectively) in T47D
and MDAMB231 human breast cancer cells. The complex chemical
composition of each cell line, including fatty acid profiles, may
contribute to the 1300 cm™! peak intensities [64]. To address this
directly, negative control untreated cells were analyzed, and mean in-
tensities at 1300 cm™! subtracted from corresponding 1300 cm™!
Raman spectra peak collected from cells incubated with Tf. Additionally,
while the ~1300 cm ™! Raman peak has been associated with fatty acid
profiles in purified samples and lipid droplets, it is not a dominant peak
utilized in fatty acid analysis of cells and tissue [51,64-66]. Importantly,
hyperspectral data was superimposed over the images of analyzed cells
to provide visualization of iron-bound Tf intracellular distribution. We
determined that T47D cells incubated with holo-Tf for 5 min had more
iron-bound Tf signal compared to cells treated with holo-Tf for 30 min,
just as expected, since iron release from holo-Tf occurs early after Tf
uptake upon acidification of endosomal pathway [60]. In contrast, the
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iron-bound Tf pixel intensity and distribution were maintained at
similar levels from 5 min to 30 min of Tf pulse-chase in MDAMB231
cells. Label-free measurement of iron-bound Tf inside cells using Raman
imaging can reveal alterations in iron release in early endosomal pop-
ulations. Increased iron-bound Tf over time indicates potential disrup-
tion of early endosomal regulation including, but not limited to,
endosomal acidification. Furthermore, iron-bound Tf containing pixels
in MDAMB231 cells are distributed in a peri-nuclear pattern that is
similar to TfR immunofluorescence staining. These results indicate that
MDAMB231’s altered endosomal morphology correlates with altered
iron-binding and release dynamics that appears delayed in comparison
to that of T47D cells.

Breast cancer cells can differ significantly in the expression and
cellular distribution of TfR as well as in the level of Tf uptake [14,41].
However, these results do not provide further information on the
iron-bound nature of Tf uptake and localization. Interestingly, our re-
sults show an apparent contradiction, in which MDAMB231 cells accu-
mulate less Tf compared to T47D, but then display a higher percent of

Raman measurement of iron-bound transferrin
peak while in complex with transferrin-receptor

% Transferrin (Tf)
&

Transferrin-Receptor
(TR)

e lron

T47D

Intensity of iron-bound Tf Raman peak

MDAMB231 (Model 1)

MDAMB231 (Model 2)

Intensity of iron-bound Tf Raman peak

Intensity of iron-bound Tf Raman peak

Fig. 6. Model - Raman measurement of iron-bound Tf peak while in complex with TfR in two distinct breast cancer cell lines. Tf binds TfR at cell surface
forming a Tf-TfR complex. The complex undergoes endocytosis, iron is released in mildly acidic endosome and Tf-TfR complex recycles back to the cell surface where
Tf is released. T47D and MDAMB231 differ in endocytic organization and function [14], they also differ in the intensity of iron-bound Tf over time. T47D has a
significant decrease in the intensity of iron-bound over time which is associated with normal iron-release from Tf. MDAMB231 does not have a significant decrease in
iron-bound Tf over-time which may be due from abnormal acidification or trafficking which inhibits iron-release in all compartments (Model 1) or from distinctly

altered compartments (Model 2).
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iron-bound Tf-TfR complexes upon Tf uptake. Thus, the data suggests
that T47D may release iron from Tf more efficiently than MDAMB231
(Fig. 6). We propose that a slower rate of iron release in MDAMB231 in
comparison to that of T47D is at the basis of these results, compensating
for MDAMB231’s reduced TfR expression and Tf uptake levels.
MDAMB231 cells could display a disrupted iron homeostasis due to iron
release delays caused by alterations in the pH or ionic milieu of the early
endosomes. Delays in iron release from Tf into the endosomal lumen
may subsequently affect delivery of iron into mitochondria or cytosol.
Integrating TfR expression and Tf uptake measurements with Raman
hyperspectral imaging of iron-bound Tf provides a comprehensive un-
derstanding of iron homeostasis and endosomal function in breast can-
cer cells.

In summary, Raman hyperspectral imaging at ~1300 cm™ - can be
used to identify iron-bound Tf in cell culture and tumor xenografts.
Immunofluorescence staining is in good agreement with Raman data, as
it shows very similar density of accumulated human Tf and TfR in both
types of tumors. While the 1300 em™! iron-bound Tf peak can be
detected in both cancer cells and tumor xenografts, tumor environment
may have significant influence on the intensity level of this peak, which
suggests a complex regulation of the concentration of iron-bound Tf in
tumors. Further investigation of iron release kinetics and pixel distri-
butions are required to understand iron-release in tumor tissues.

1

4. Conclusion

We have demonstrated that Raman hyperspectral imaging can be
used to identify iron-bound Tf in unlabeled intact breast cancer cells and
tumor xenografts, which represents a novel approach to understanding
intracellular iron regulation in intact biological samples. Our data
identified important differences in iron-release kinetics between breast
cancer cell lines, and the Raman hyperspectral imaging was reflective of
associated endosomal morphologies. Our data also indicates heteroge-
neity in the regulation of iron uptake and release in human breast cancer
cells. Further development of Raman hyperspectral imaging technology
and additional correlative microscopy techniques will be essential to
enhance our understanding of iron regulation in breast cancer.

5. Material and methods

Transferrin preparation and validation. Human Tf (Sigma, cat
#T1147) was reconstituted in phosphate buffered saline solution (PBS,
pH 7.4) at 10 mg/mL and subjected to either (1) iron removal to produce
apo-Tf, (2) iron loading to generate holo-Tf or (3) iron loading with
oxalate to produce oxa-Tf. Buffer exchanges and washing steps were
performed with Amicon Ultra 30K micro concentrators (Millipore
UFC803024). Protocol for iron removal consisted of incubating Tf in 0.5
M sodium acetate, pH 4.9, containing 1 mM Nitrilotriacetic acid (NTA,
Sigma NO128) and 1 mM Ethylenediaminetetraacetic acid (EDTA,
Fisher-Scientific S80007-1) for 1 h at room temperature. Then Tf was
washed first with 0.1 M sodium perchlorate in PBS, followed by washing
with 0.1 M KCl in PBS. Apo-Tf was maintained in PBS at 1 mg/ml. Iron
loading requires exchanging Tf into a 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes, Sigma H4034) and 20 mM so-
dium bicarbonate buffer (Sigma S7277). Iron-loading stock solutions
included a 25 mM ferrous ammonium sulfate (Sigma 215406) in 0.01 N
HCl and 100 mM NTA in purified water. Tf was incubated with a freshly
prepared Fe(III)-NTA solution in a 1:2 M ratio, protected from light and
under gently rocking motion at room temperature for 1-2 h. Iron loading
for oxa-Tf was similar, with the main difference being an initial ex-
change of Tf into a 200 mM Potassium oxalate (Honeywell-Fluka 60425)
in purified water. Excess Fe (III)-NTA was removed by performing
several wash steps using micro concentrators. Tf preparations were
diluted to 1 mg/mL in PBS and stored at —20 °C until the day of
experiment.

A spectroscopic assay was developed to measure the absorbance of Tf
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solutions at 470 nm over time in the presence of acidic buffer. The
absorbance at 470 nm is reported to decrease as iron is released from Tf
[47]. Equal volumes of 50 mM MES, 4 mM EDTA, pH 5.6 and Tf solu-
tions (oxa-Tf or holo-Tf at 1 mg/mL in PBS) were added to UV-clear
plastic 96-well (half-area) plate, and absorbance at 470 nm was
measured every minute for 30 min at 25 °C using a Flexstation III
(Molecular Devices). Each experiment was normalized to the earliest
time point collected (0 min), to allow for the comparison of absorbance
measurements over time. Experiments were averaged and subjected to
statistical analysis (two-factor anova). A portion of prepared Tf was
subjected to Alexa Fluor 488 or 555 fluorescent labeling (ThermoFisher,
A20009 or A20000) according to manufacturer’s protocols.

Cell culture. T47D, MDAMB231 and SKBR3 human breast cancer cell
lines were purchased from ATCC and tested routinely for mycoplasma
by both PCR and high resolution DAPI imaging methods. T47D and
MDAMB231 cells were cultured in DMEM (Gibco 11965-092) with 10%
fetal bovine serum (FBS, ATCC 30-2020), 4 mM t-glutamine and 10 mM
HEPES. SKBR3 cells were cultured in McCoy’s 5A medium (ATCC
30-2007) with 10% FBS and 10 units penicillin/500 ml media, 10 pg
streptomycin/500 ml media. HMEC and HUVEC were purchased from
Lonza and cultured according to manufacturer’s instruction. Clear im-
aging media consisted of phenol red-free DMEM with 0.5% Bovine
Serum albumin, 4 mM L-glutamine and 20 mM HEPES. HMEC cells were
cultured in MEGM media (Lonza CC-3051A) with MEGM singleQuots
(Lonza CC-4136).

Western blotting. Whole cell lysates were prepared with a 2% SDS, 8
mM EDTA lysis buffer (SDS Sigma L4390, EDTA Fisher S80007-1). Ly-
sates were normalized to equal protein levels determined using Thermo
Scientific NanoDrop Lite, then denatured with heat (95 °C) in 5x
Laemmli buffer. Lysates were run on 4-20% gels (Biorad 456-1094) with
Tris/Glycine/SDS (Biorad 161-0732), followed by transfer to nitrocel-
lulose paper with standard 20% methanol transfer buffer. Membranes
were blocked with 5% dried milk in TBST, followed by primary antibody
incubation for 2 h at room temperature. Membranes were then washed
and subjected to incubation with secondary horseradish peroxidase-
conjugated antibodies (Cell signaling). Proteins were visualized using
enhanced chemiluminescence (ECL) reagents (Biorad) and captured
using Amersham Imager 600 (GE Healthcare).

Tf uptake plate-reader assay. Cells were grown to near confluence
(24-36 h) in a heated incubator, washed and subjected to 30 min pre-
incubation with clear imaging media. All steps prior to fixation were
at 37 °C. Cells were then incubated with AF647-Tf (10 pg/ml) in clear
media for 1 h, then fixed with 4% paraformaldehyde (PFA) for 15 min at
room temperature. Since each cell line contributes a unique background
signal on the plate reader, cells without fluorescent labeling were
incorporated into each plate for background subtraction. Measurement
of total cellular fluorescence was performed using a Flexstation III
(Molecular Devices) with associated SoftmaxPro5 software (bottom-
read, 5-reads per well).

Tumor xenografts. All animal procedures were conducted with the
approval of the Institutional Animal Care and Use Committee at Albany
Medical College. Animal facility has been accredited by the American
Association for Accreditation for Laboratory Animals Care International.
Tumor xenografts were generated by injecting 10 x 10° T47D cells or 1
x 10° MDAMB231 in PBS mixed 1:1 with Cultrex BME (R&D Systems
Inc, Minneapolis, MN, USA) into the right inguinal mammary fat pad of
female 4-week old athymic nude mice (NU(NCr)-Foxnlnu, Charles River
Laboratories, Wilmington, MA, USA). The subcutaneous tumors were
allowed to grow for 4-5 weeks and were monitored daily. The animals
were intravenously injected with human holo-Tf (40 pg in the volume
100 pl) and sacrificed 6 h post injection. The excised tumors were either
flash frozen for immunofluorescent analysis.

Immunofluorescent microscopy. For fluorescently-labeled AF555-Tf
uptake, cells were pre-incubated with clear imaging media for 30 min
prior to 1h internalization of AF555-holo-Tf. For both Tf uptake and
immunofluorescence (IF), cells were fixed for 15 min with 4% PFA at
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room temperature. For IF, cells were permeabilized with 0.1% TX-100 in
PBS (ThermoFisher BP151) for 15 min at room temperature, blocked for
90 min on a gentle rocker-shaker in 2% fish skin gelatin (FGS, Millipore-
Sigma, catalog #G7765), 1% BSA in PBS. Subsequent washing and
antibody blocking were performed using 0.5% FSG, 0.05% TX-100 in
PBS. All solutions were 0.2 pm syringe filtered. Frozen sections of tumor
xenografts (10 pm) were fixed with 2% PFA, permeabilized with 0.3%
Triton X-100 and processed for immunostaining following MOM pro-
tocol (Vector labs). Antibodies used: anti-mouse TfR (Abcam 38171)
1:200, anti-mouse Tf (Serotech 9100-1057) 1:200, Fab goat anti-mouse
AF555, 1:250 (Invitrogen). The images were acquired using Zeiss 510
LSM microscope or Zeiss 880 LSM with Fast Airyscan detector.

Raman spectroscopy. Raman spectra were acquired by XploRA PLUS
Raman microscope (HORIBA). The system was equipped with a 1024 x
256 TE air cooled CCD chip (pixel size 26-um, temperature —60 °C).
HORIBA LabSpec6 software was used for data acquisition, normaliza-
tion, fluorescent background removal, and baseline correction. Entrance
slit was set to 50 pm, which yielded a spectral resolution of 4 cm ™.

Raman imaging of Tf. The spectra of apo-Tf, holo-Tf and oxa-Tf
protein droplets were collected with a 10x objective, 532 nm excita-
tion laser wavelength at 100% power, 1800 gr/mm grating. The droplets
were deposited on aluminum foil, and the spectra were taken from
several locations within each droplet. The spectra were background
subtracted, averaged and normalized.

Raman imaging of cells or tumor xenografts following Tf internal-
ization. Cells were grown on quartz substrates coated with poly-p-lysine.
Cells were pre-incubated with clear imaging media for 30 min prior to Tf
internalization (time and concentration specified in Figure legends).
Following Tf internalization, cells were fixed with ice-cold 4% PFA and
immersed in PBS buffer solution (pH 7.0). Control cells, specific to each
cell line evaluated, were not incubated with Tf but were otherwise
prepared, fixed and analyzed in an identical manner. Frozen tumor xe-
nografts were sectioned at 10 pm, transferred to quartz substrates, fixed
in 4% PFA and imaged in PBS buffer.

The spectra of cells and tissues were taken with 20x Olympus im-
mersion objective, 532 nm excitation laser at 100% power, and 1800 gr/
mm grating. Total 220-300 spectra/sample were collected for large
region of interest (ROI) in cell samples. In hyperspectral cell imaging,
1300 cm ™! Raman Tf peak was used for mapping, the mean intensity of
control cells was subtracted from each spectra analyzed. Raman spectra
of tissue samples were taken from several locations within the tissue. At
least three different locations were used in collection of large ROIs,
which were separated into smaller regions. Pixels that did not directly
overlap with the cell area were removed from analysis.

Statistical Analysis. Statistical analysis included two-tailed student
t-tests or two-factor anova analysis. Post-hoc testing included Bonferroni
correction as required with multiple comparisons.
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